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f That Waltz in My Heart*†
agat Narula, MD, PHD, FACC,
ani A. Vannan, MBBS, FACC,
nthony N. DeMaria, MD, MACC
rvine and San Diego, California
he intrinsic anatomy of the left ventricular (LV) wall has
ascinated anatomists over the centuries and resulted in
arying designations ranging from descending and ascend-
ng bands, fascicles, and laminated layers to the more recent
escription as right- and left-handed helical arrangements
f the subendocardial and subepicardial regions (1–4).
n the looped adult heart, both inflow and outflow regions
t the base of the LV are sinuously curved, lying side by side
t the top of the LV. Near the apex, a well-formed loop of
uscle fibers forms a spiral vortex, also referred to as “vortex
ordis.” Shortening of this counterdirectional mantle of
uscle fibers results in a wringing movement of the LV that
ropels blood while the ensuing recoil initiates diastolic
uction of blood into the LV cavity. It is therefore logical
hat the sequence of mechanical activation should aim for an
pex-to-base acceleration of blood flow during systole and
ase-to-apex reversal during diastole. The studies by Sen-
upta et al. (5) and Ashikaga et al. (6) in this issue of the
ournal put into perspective the flow sequences and the under-
ying electromechanical transients that modulate the cyclical
witch between the dual roles of the vortex cordis in
entricular ejection and suction.
See pages 899 and 909
n the Wake of a Vortex
he passage of blood through the cardiac valves creates
ortices similar to those generated by water in a narrow
hannel. An early observation linking natural vortex forma-
ion with the functioning of the cardiovascular system is
ound in a notebook of the Renaissance painter Leonardo da
inci (7). In a well-designed investigation of the valve
Editorials published in the Journal of the American College of Cardiology reflect the
iews of the authors and do not necessarily represent the views of JACC or the
merican College of Cardiology.
†From the London musical “The Dancing Years” (1939), Ivor Novello and
hristopher Hassall.
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VI software has been developed by Siemens, and Dr. Vannan has received honoraria
nd research support from Siemens. Dr. DeMaria has currently/previously been ag
rantee and/or ad hoc consultant for virtually all echocardiography instrument
ompanies.unction, he modeled the aortic valve and sinuses of Valsalva
rom a cast of an oxen heart. Observing the vortices formed
n the sinuses, he predicted the mechanism of closure of the
ortic valves. As blood was forced through the valve, vortices
n the sinuses edged back into the cusps of the valve. When
he flow ceased, these vortices pushed the cusps against each
ther, forming a perfect seal to prevent reflux (7).
Modern-day investigations have confirmed several of
a Vinci’s observations. The streams of blood entering the
ight atrium from the superior and inferior cava do not
ollide, but move forward to form a vortex (1). In the left
trium, 2 temporally discrete crescent-shaped vortices are
ormed with an axis of rotation parallel to the mitral annular
lane (8). With opening of the atrioventricular valves, the
lood flow surges into the relaxed ventricles, again rotating
nd redirecting the flow toward the pulmonary artery and
orta, respectively. Previously, the sinuous curvature of the
ardiac chambers was believed to determine the direction of
lood flow toward ventricular outflow tracts (1). For exam-
le, the looped configuration of the adult LV and the
eometry of the mitral valve lead to formation of a predom-
nantly anteriorly directed vortex (1). It has not, however,
een clear whether the sequence of LV depolarization and
epolarization played a role in the redirection of blood flow.
his was largely related to the limited temporal resolution
f imaging techniques to visualize flow fields during iso-
olumic intervals.
The LV forces closing the mitral valve at the peak of
lectrocardiographic R-wave are generated before the entire
entricle is activated. The earliest electric activation in the
V occurs at the anteroseptal region and then travels in
pex-to-base direction (9). The basal posterior wall is the
ast region to be activated near the end of the R-wave (9).
engupta et al. (5) employed a high-temporal-resolution
ethod to track the features of LV intracavitary blood flow
n 2 dimensions during the brief isovolumic intervals. These
nvestigators provided evidence that active flow acceleration
n the apex-to-base direction joins and accentuates a wake
ortex forming across the edge of a closing anterior mitral
eaflet. These fluidic features may arguably regulate the time
equired for the cyclical change in LV contraction/filling,
ecause a loss of well-directed flow and vortex formation
as shown to delay closure of mitral valve and opening of
ortic leaflets. It seems that the geometry of the heart, the
attern of its fibers, the blood flow within it, and the
lectromechanical activation sequence are intimately related.
ith contemplation, one begins to comprehend the heart’s
ynamic form and function, which the English anatomist
. Bell Pettigrew described as “exceedingly simple in prin-
iple but wonderfully complicated in detail” (3).
he Triple Beat of Waltz
he sequential contractile activity of the helicoid structure
f the ventricular myocardium modulates the pattern of
lobal LV motion observed in vivo. In previous experi-
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Editorial Comment February 27, 2007:917–20ents, Sengupta et al. (10,11) compared the activation-
ontraction sequence of the subendocardial and subepicar-
ial regions of porcine LV using sonomicrometry.
sovolumic contraction was characterized with greater
hortening of the subendocardial fibers and was accompa-
ied with stretching of the subepicardial fibers (10). This
synchronous deformation temporally coincided with bi-
hasic isovolumic waves routinely recorded on tissue Dopp-
er imaging (10,12). In this issue of the Journal, Ashikaga
t al. (6) have extended these observations further and
rovided comprehensive assessment regarding the depth-
ependent differences in myofiber mechanics in vivo. Their
bservations confirm the existence of a reciprocal relation-
hip between the fiber and cross-fiber strains at epicardial
nd endocardial layers (6,10). During the isovolumic peri-
ds, fiber and cross-fiber strains in the same layer are in
pposite directions, such that the geometric configuration of
he LV wall changes without an alteration in LV volume. In
nother experimental study, Sengupta et al. (11) compared
he shortening strains from the apex, mid, and basal regions
f the LV and reported the presence of an apex-to-base
radient of longitudinal shortening, a finding that has been
onfirmed by Buckberg et al. (13). The intracavitary flow
Figure 1 Motion Sequences of the LV Wall and Intracavitary Fl
LV  left ventricular.uring the cardiac cycle described by Sengupta et al. (5)
ffers a vital rheologic rationale for the complex set of
echanical activity observed in vivo. Brief asynchronous
eformation during the onset of systole and diastole may be
dvantageous in redirecting blood flow. For example, during
sovolumic contraction, blood flow accelerates toward the
utflow tract in addition to reinforcing the vortices required
o close the mitral valve. Following ejection, relaxation
f the subendocardium is initiated near the apex and
eaches the base at the end of isovolumic relaxation (11). As
result, the LV cavity initially relaxes near the apex, causing
brisk base-to-apex reversal of blood flow (5).
Because the counterdirectional orientations of fibers spi-
al into a vortex near the LV apex, the sequential transmural
echanical activity also results in rotational movement
which can be resolved by 2-dimensional [2-D] echocardio-
raphic speckle tracking). A brief initial clockwise rotation
f apex is seen during the isovolumic contraction period
hen the shortening occurs predominantly along the sub-
ndocardial fiber direction and is accompanied with stretch-
ng of the subepicardial fibers (Fig. 1). Subsequently, pre-
ominant subepicardial shortening results in prominent
nticlockwise rotation during ejection (called “twist”). Dur-
ynamics During Various Phases of the Cardiac Cycleow D
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February 27, 2007:917–20 Editorial Commentng this process, the subendocardial fibers continue short-
ning but are twisted across their helical direction, resulting
n storage of systolic energy in a deformed matrix. During
sovolumic and early relaxation, this stored energy is released
n a brisk recoil, producing clockwise rotation (also called
untwist”). While the LV is untwisting, enlargement of the
avity near the apex is carefully modulated by a well-
ynchronized sequence of mechanical relaxation. The sub-
ndocardium relaxes and recoils first near the apex, and
elaxation is completed near the base by the end of isovolu-
ic relaxation. While the subepicardium relaxes near the
ase, allowing the onset of untwist, relaxation is completed
ear the apex at the onset of early diastole. This well-
ynchronized apical triple rhythm is the essence of the
altz of the heart.
hen Waltz and Vortex Go Wrong
he insights in mechanics provided by these studies have
ignificant implications. It would appear that the Waltz and
ortices can be exploited to provide superior pathophysio-
ogic and diagnostic studies. One such application may
nclude resynchronization therapy. Although QRS duration
as been an inclusion criterion in all major trials, it has been
hown that electrical dyssynchrony is not automatically
ssociated with mechanical dyssynchrony and vice versa.
chocardiography is being widely used to identify dysssyn-
hrony primarily because of high temporal resolution and
ase of application. However, there is no gold standard for
iagnosing dyssynchrony, so comparing the accuracy of the
ifferent echocardiographic parameters is not possible. By
larifying the relationship between the sequence of electric
ctivation and its effects on LV mechanics and intracavitary
heology, one may get a better perspective on the most
ffective routing of blood flow in the failing heart. Recent
nvestigations show that LV dyssynchrony is dynamic and
hanges with exertion (14). If LV mechanics and flow
equence are interlinked, does this change in synchrony
eflect the changing blood flow pattern associated with
xertion? Can correcting the sequence of blood flow be
uperior to adjusting the timing of regional contraction as a
arget for cardiac resynchronization?
Echocardiography may provide an excellent clinical tool
o assess intracavitary flow dynamics. Digital particle-
maging velocimetry (PIV) is a well-established technique
nd is used as a gold standard for quantitative flow visual-
zation in experimental fluid mechanics and industrial ap-
lications. The analogous use of contrast ultrasound for
racking the intracavitary flow by echo PIV provides an
mportant advancement over 1-dimensional Doppler for
oninvasive assessment of intracavitary hemodynamics (15).
owever, further validation of echo PIV would be required
o integrate this into routine application. Vortical features of
ow fields should be readily characterized on 2-D imaging
Kelvin’s theorem). However, the development of high-
emporal-resolution 3-dimensional (3-D) echocardiographynd 3-D flow visualization with holographic techniques may
rovide a superior tracking and quantification of flow. Of
ote, 3-D flow visualization is currently available with
agnetic resonance imaging (8), although at a temporal
esolution that is lower than that required for tracking flow
ithin the isovolumic period. As an alternative technique,
ssessment of the sequential contraction activity that pro-
uces the characteristic apical rotation triplet may provide a
etter measure of cardiac function. Early diastolic filling is
ontingent on adequate LV suction which is postulated to
e associated with apical untwist. By 2-D speckle tracking
elocity vector imaging, Li et al. (16) studied the apical
otation in normal subjects and those with LV hypertrophy
nd isolated diastolic dysfunction. The apical twist and
ntwist velocities were similar in normal patients. However,
he untwist velocity was markedly decreased in LV hyper-
rophy. Maintenance of the delicacy of triple rhythm and
oordinated vortices are integral to harmonious functions of
he heart.
In aggregate, the foregoing studies are clarifying the
nteraction among LV anatomy, electric activation, and
ntracavitary flow. These findings, coupled with advances in
oninvasive cardiac imaging technology, offer the potential
o use cardiac contraction pattern and intracavitary flow as
ew descriptors of cardiac physiology and pathology. The
bservations of previous centuries may thereby be translated
nto valuable clinical tools (13).
eprint requests and correspondence: Dr. Jagat Narula, 101 The
ity Drive, Building 53, Mail Route 81, Orange, California
2868-4080. E-mail: narula@uci.edu.
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